Abstract. Predictions of analytical models for hadronisation, namely the dispersive model, the shape function and the single dressed gluon approximation, are compared with moments of hadronic event shape distributions measured in e + e − annihilation at centre-of-mass energies between 14 and 209 GeV. In contrast to Monte Carlo models for hadronisation, analytical models require to adjust only two universal parameters, the strong coupling and a second quantity parametrising nonperturbative corrections. The extracted values of αS are consistent with the world average and competitive with previous measurements. The variance of event shape distributions is compared with predictions given by some of these models. Limitations of the models, probably due to unknown higher order corrections, are demonstrated and discussed.
Introduction
In previous studies, moments of event shape distributions have been compared to perturbative predictions of quantum chromodynamics (QCD, [1] [2] [3] [4] ) in next-to-leading order, simulating the hadronisation process by Monte Carlo models [5, 6] . Alternatively there exist models describing hadronisation analytically. This paper aims to study these models qualitatively and quantitatively by measurements of the strong coupling and the model parameters.
The dispersive model [7] is based on the assumption of a nonpertubatively continued strong coupling. The shape function [8] additionally describes a modification of the shape of the perturbatively calculated distribution. The single dressed gluon approximation [9, 10] estimates the perturbative part more completely with reduced perturbative uncertainties of the prediction. The models test the predicted energy evolution of the strong coupling. Their parameters can be determined-one of them the value of α S at some reference energy-and the assumption of universality of these parameters can be probed. To date, primarily the distributions themselves and the mean values (first moments) have been studied [11] [12] [13] [14] .
This analysis uses data measured by JADE [5] in the years 1979...1986 at six centre-of-mass (cms) energies in the energy range of Q = 14...44 GeV, and data measured by OPAL at 12 energy points over the whole LEP energy range of 91...209 GeV and combined into 4 energy ranges [6] . The large energy range covered by the measurements allows to test the employed assumptions selectively.
The outline of the paper is as follows. In Sect. 2, we present the observables used in the analysis. In Sect. 3 we describe the perturbative QCD predictions and introduce the analytical models which describe the hadronisation process. In Sect. 4 we discuss predictions for event shape moments at hadron level and compare them with the measurements. The predictions for the event shape distribution variance following from the dispersive model and the shape function are tested as well. In Sect. 5 we summarize and give our conclusions.
Event shape moments
Event shape variables are a convenient way to characterise properties of hadronic final states. They are calculated from particle momenta and energies. For definitions of the variables we refer to [6] .
In a hadronic event in e + e − annihilation the virtual vector boson Z 0 /γ * generated by annihilation of electron and positron decays into a quark pair qq. The quarks may radiate gluons which radiate further gluons or decay into another quark pair. The final state of this parton shower is called parton level. By the process of hadronisation partons are transferred into hadrons. The predictions used in this work describe the hadron level. The variables measured in the experiments have to be corrected for the effects of limited detector acceptance and resolution to probe the hadron level.
The event shapes considered here are thrust T , Cparameter C, heavy jet mass M H , jet broadening vari-D 23 between 2-and 3-jet final states defined using the Durham jet reconstruction scheme. The α S determination in [5] is based on moments of these variables, in [6] on distributions and moments of these variables. Their theoretical description by perturbation theory is currently the most advanced [15] [16] [17] .
A generic event shape variable is denoted by the symbol y. Regions dominated by multiple jets give large values of y, while two narrow jets give y ≃ 0. Thrust T is an exception to this rule. By using y = 1 − T instead, the condition is fulfilled for all event shapes. B W , y D 23 and M H are sensitive to only one suitably chosen hemisphere of the event (one-hemisphere variables), 1 − T , C and B T are sensitive to the whole hadronic event (two-hemisphere variables).
The nth, n = 1, 2, . . . moment of the distribution of an event shape variable y is defined by
where y max is the kinematically allowed upper limit of the variable and σ tot. denotes the total hadronic cross section. Predictions have been made available for the moments of event shapes. Their evolution with cms energy allows direct tests of the predicted energy evolution of the strong coupling α S . Furthermore it enables the determination of a single value of α S at a definite energy scale-for example α S (M Z 0 ) at the rest energy of the Z 0 boson. The theoretical calculations always involve a full integration over phase space, which implies that comparison with data always probes all of the available phase space. This is in contrast to QCD predictions for distributions; these are commonly only compared with data-e.g. in order to measure α S -in restricted regions, where the theory is able to describe the data well, see e.g. [18] . Comparisons of QCD predictions for moments of event shape distributions with data are thus complementary to tests of the theory using distributions.
Theory
The QCD prediction for y n in next-to-leading-order 1 (NLO) of the strong couplingᾱ S ≡ α S /(2π) has the form
1 Very recently, perturbative NNLO predictions for event shape moments became available [19] . The nonperturbative models discussed in the following sections need to be adapted to these new NNLO predictions before a meaningful study based on NNLO can be done. Therefore, here we restrict ourselves to consistently using NLO together with the currently available models.
2 Theᾱ 2 S coefficient is written as Bn − 2An because the QCD calculations are normalized to the Born cross section σ0, while the data are normalized to the total hadronic cross section σtot = σ0(1 + 2ᾱS) in LO.
The coefficients A n and B n are obtained by numerical integration of the QCD matrix elements using the program EVENT2 [20] . These predictions were also used in [5, 6] .
The couplingᾱ S , and therefore the QCD prediction depends on the renormalisation scale µ R , see e.g. [21] . The prediction is changed by this dependence as shown in [5] . For clearer notation the renormalisation scale factor is defined as x µ ≡ µ R /Q; a truncated fixed order QCD calculation such as (2) will then depend on x µ .
Infrared and collinear stability are essential for a perturbative description of the parton level. These properties, however, do not suffice for a perturbative description of the hadron level as hadronisation takes place at low energy scales, where the perturbative description breaks down. The evolution of partons to hadrons can be approximated by analytical calculations. These analytical calculations are generally motivated from the transition from perturbative to non-perturbative regime. A perturbation series in quantum field theory is a divergent series, see e.g. [22] . To obtain finite results, regularisations have to be applied. From suitable prescriptions non-perturbative terms are found, which typically scale with inverse powers of the cms energy [7] [8] [9] .
Dispersive model
This model [7, 23, 24] is based on the assumption of a nonperturbatively defined strong coupling α S (Q 2 ) which remains finite at and below the Landau pole Λ QCD . The Landau pole is the scale where the usual perturbative coupling diverges. The matching scale Q = µ I , marking the border between perturbative and non-perturbative region, is not uniquely defined. Usually it is taken as µ I ≃ 2 GeV .
As the non-perturbative coupling cannot be calculated, it is parametrised universally in a simple way by the zeroth moment of the extended coupling over the nonperturbative region,
In first approximation, non-perturbative corrections generate a simple shift of the perturbative differential distribution dσ NLO /dy of the event shape variables 1 − T , C, B T , B W and 3 M 2 H when relating parton to hadron level,
This prediction is valid only if the value of the event shape variable y is not too large (y ≪ 1), and the cms energy Q not too small (Q ≫ Λ QCD /y). Only the numerical factor a y depends on the event shape variable y, see Table 1 . However P depends on the hard scale Q but is universal 3 The theoretical calculations are based on the variable M 
In the MS renormalisation scheme the constant K has the value
with n f = 5 at the studied energies, and the beta function coefficient is β 0 = 23/(12π). The color factors have the values C F = 4/3, C A = 3 [26] , the Milan factor M is known in two loops, M = 1.49 ± 20% (for flavour number n f = 3 at the relevant low scales). The cited uncertainty results [24] from the estimation of the next order contri- Applying the dispersive model calculation (4) of the normalized event shape distribution in definition (1) of the moment of order n and naively neglecting the integration over the unphysical range of negative variable values, gives
The predictions for the moments on hadron level become:
Previous studies [29] indicate that the parameters α S (M Z 0 ) and α 0 (µ I ) when fitted to B T and B W distributions via (4) are not compatible with values derived from 1 − T and C. Therefore improved predictions for these distributions were given. They also describe a compression of the distribution peak, i.e. a narrowing in the two jet region [24, 30] . The non-perturbative factor P in the case of B 1 T and B 1 W is replaced by [31] 
rsp.
with a rescaled coupling α s (Q 2 ) ≡ α S (e −3/2 Q 2 ) and a constant η 0 ≃ −0.6137 .
No power correction coefficient has been calculated in the dispersive model for the variable y well [14, 31] -therefore we also compare it with the higher moments.
The dispersive model gives predictions for several observables and contains only universal free parameters α S (M Z 0 ) and α 0 (µ I ).
Shape function
Korchemsky and Tafat [8] describe properties of the event shape variables 1 − T , C and M 2 H not included in NLO perturbation theory by a so called shape function, which does not depend on the variable nor the cms energy. This is more general than the dispersive model, as not only a shift of the perturbative prediction is predicted but also a compression of the distribution peak.
The prediction is deduced from studying the two jet region (i.e. y ≪ 1) in the distribution of the event shape variable y. The prediction for the differential distribution is
with a non-perturbative function f y (ε), dependent on one scale parameter ǫ. This function is derived from the shape function f (ε L , ε R ) [8] , which depends on two scale parameters ε L , ε R for the two hemispheres of the event. By the compression of the distribution the validity of the prediction is extended compared to the dispersive model to y ≃ Λ QCD /Q. The shape function can be parametrised [8] by its "first moment", (15) its "second moment",
and a Q dependent function δλ 2 (Q). Predictions for the moments of event shape variables can be derived, and λ 1 and λ 2 can be fitted to the data.
From prediction (14) for the distribution of the variables 1 − T , C and M 2 H , predictions for the mean values follow [8] by integration,
Analogously for the second moments one finds [8] ,
In this model the more strongly suppressed power corrections have an independent coefficient. The coefficient λ 1 is interpreted as the first "moment" of the shape function, λ 2 the second, and δλ 2 as a contribution accounting for the one-hemisphere character of M 2 H . Therefore these are universal scales.
Variance of event shape distributions
In [32] the variance of event shape distributions on hadron level was found to be described in the dispersive model perturbatively without significant power corrections. This would open the possibility of an accurate α S (M Z 0 ) determination.
A theory predicting first and second moments of an event shape variable y also gives a prediction for the variance Var(y) = y 2 − y 2 , and so a simple prediction for the variance of event shape variables on hadron level is deduced [32] by employing the predictions (7) and (8),
In the dispersive model one obtains a purely perturbative expression for the variance, up to strongly suppressed corrections O(α S /Q 2 ). Predictions for the event shape variance can also be derived from the shape function. The first and second moment predictions (17) and (20) give the identical prediction in case of thrust,
Analogously this follows from (19) and (22) (18), (21) and the perturbative LO coefficient [20] 
showing an additional term ∝ α S /Q with coefficient λ 1 as in Subsect. 3.2.
Single dressed gluon approximation
Gardi et al. [9, 10] assume the existence of a reordering of the perturbative series, the so called skeleton expansion [33] -its existence is proven only for abelian field theory like QED. The first contribution to this expansion is a single dressed gluon (SDG) which resums running coupling effects of any order in α S . These are renormalons in the dominant contributions ∝ β n 0 . The single dressed gluon graphs can be calculated completely. In this way the perturbative prediction (1 − T ) n pt. for a moment of thrust can be approximated. This approximated series already diverges and various regularisations differ by definite powers of the cms energy Q. These predictions follow:
In general, the non-perturbative correction is predicted as a sum of two terms with different powers in Q and coefficients ν n , κ n . The thrust is used in the massless limit,
Here the denominator is changed with respect to the standard definition [6] by i |p i | → i E i , which does not change the thrust value as long as massless partons are considered. Under this change of definition the thrust value calculated with a "massive" virtual gluon is correct, as long as all (massless) partons generated in the hadronisation end up in the same event hemisphere w.r.t. to the thrust axis. This so called "inclusive"calculation is valid only if fragmentation of the gluon is approximately collinear. The perturbative SDG predictions for the moments of thrust are given as perturbation series in the couplingā [10] , which relates to α S (µ 2 R ) in the MS scheme by a simple shift of the Landau Pole 4 ,
The perturbative coefficients are given in so called log moments d i of the characteristic thrust function. The first six log moments for (1 − T )
1 ... (1 − T ) 4 were calculated by numerical integration [10] . The perturbative prediction of O(ᾱ 6 S ) in the (obviously incomplete) SDG approximation has the form [34] (1 − T )
where the n-dependent d i are taken from [10] . Higher order contributions from the running of the coupling are accounted for up to sixth order. Reference [10] gives the prediction explicitly in O(ā 3 ) without the term β 1 d 1 π 2 ·ā 3 . This term with marked effect on theā 3 -coefficient results from considering the usual QCD beta function [34] . The symbols β 0 ...β 3 denote the usual beta function coefficients [35, 36] , β 4 is unknown. We set β 4 to 0.
The SDG approximation (27) is complete in leading order O(ā) by construction [10] . In higher orders this approximation only gives the terms ∝ β 0 . Therefore we use the numerically calculated [20] NLO coefficients. For the third and higher orders we employ the SDG approximation,
As the perturbative expansion is an asymptotic (divergent) series [22] , the terms are expected to become smaller up to a certain order, and then become larger again. It is of interest -at which expansion order this happens, -how the measured coupling depends on the maximum expansion order, -how the leading power correction ν n /Q ln depends on the maximum expansion order, -how the minimum perturbative term relates to the power correction.
The best approximation of the theory by an asymptotic series is expected when truncating it near the minimal term-including additional terms does not necessarily result in a better approximation. Therefore we study the analysis as a function of the truncation order. + e − annihilation
Tests of non-perturbative models
Our tests use event shape moments with statistical and experimental uncertainties measured by JADE and published in [5] and analogous OPAL data published in [6] , covering in total the energy range of 14 to 209 GeV. In the JADE data e + e − → bb events have been subtracted on a statistical basis. Table 2 gives an overview of the data used. Table 2 . Year of data taking, energy range, integrated luminosity, average cms energy and the numbers of selected data events for each JADE [5] or OPAL [6] JADE and OPAL are similar in construction and many parameters [37] . Consistent measurements can be expected from the simultaneous use. The analysis procedures for both data sets were constructed to be similar. Systematic variations of the JADE and OPAL analyses concern detector event reconstruction, selection cuts, Monte Carlo generators and background.
Dispersive model
Our test uses the first five moments of 1 − T , B T , B W , C and y The moments of the one-hemisphere variables B W and in particular M H are described better than in the respective comparison with hadronisation correction by Monte Carlo models [5] .
To estimate the experimental systematic uncertainties, the fits are repeated based on the minimum overlap assumption [5] for combining the OPAL and JADE systematic errors. 6 We study uncertainties of theory parameters by the following variations -The renormalisation scale uncertainty (i.e. the effect of higher perturbative orders) is estimated by setting x µ = 0.5 and x µ = 2.0. Our default is always x µ = 1. The α S (M Z 0 ) results are similar to those in the analysis employing Monte Carlo models for hadronisiation correction [5, 6] . In particular the α S (M Z 0 ) values steeply rising with moment order for the variables 1 − T , C and B T show the incomplete description of the multi jet region in NLO as already seen and discussed in [5, 6] . This is also seen in the large renormalisation scale uncertainties. The α 0 (µ I ) and α S (M Z 0 ) values from the moments B n W are not universal but decrease with moment order n. We can validate only the explicitely calculated B where we compared with the purely perturbative NLO prediction is different. The energy evolution of the data appears consistent with the prediction but the measured higher moments at 14 GeV are too low. A suitable power correction would scale with a higher power of cms energy, and indeed power terms ln Q/Q 2 and 1/Q 2 are expected [7] and describe y D 23 distributions better [38] . 6 The χ 2 /d.o.f. values from these fits are substantially lower than those from the fits employing the statistical errors. 7 We list only results from moments that do not show problems in the multi jet region dicussed below. and M H distributions are (unphysically) negative in a large range of the two jet region [25, 38] . This incompleteness of the NLO prediction for the moments-in the case of B 1 W the α 2 S coefficient is even negative-is compensated by a larger power correction. The perturbative description then contributes less as is seen by the low α S (M Z 0 ) values. Fits to JADE data of B 1 W alone give α S (M Z 0 ) = 0.1029 ± 0.0016, α 0 (µ I ) = 0.728 ± 0.017; to OPAL alone they return α S (M Z 0 ) = 0.1242 ± 0.0025, α 0 (µ I ) = 0.234 ± 0.103 (statistical errors). So at low energies where the coupling is large, the compensation is stronger, and the power correction is not universal (JADE and OPAL agree better on every other moment).
For averaging α S (M Z 0 ) and α 0 (µ I ) over many variables and moment orders, we exclude moments that suffer from the problems discussed in the preceding two paragraphs: The deficiencies in the description of the multi jet region for the two-hemisphere variables have already been seen in [5, 6] . To select observables with an apparently converging perturbative prediction, we consider as in [5, 6] only those results for which the NLO term in equation (2) is less than half the corresponding LO term (i.e. |K| < 25 or |Kα S /2π| < 0.5), with K = B n /A n . The K values are shown in Refs. [5, 6] . The higher moments of the jet broadenings are excluded because of the incomplete [29] description of their distributions in general. As in [5] the first moment of B W is excluded because the universality of the fit parameters could not be confirmed.
Thus we combine the results of α S (M Z 0 ) and
H . The parameters are consistent within total errors, and the combination procedure follows that used in [5, 6] . 8 The correlations between α S (M Z 0 ) and α 0 (µ I ) have rather constant values from -0.80 to -0.93 and thus the combination is done individually for α S (M Z 0 ) and α 0 (µ I ). The averages are 
Shape function
In [8] values for the shape function parameters were determined by comparing a distribution of M 2 H at 91 GeV with the NLO+NLLA prediction combined with power terms from the shape function to be λ 1 = 1.22 GeV, λ 2 = 1.70 GeV 2 and δλ 2 from δλ 2 (10 GeV) = 1.4 (GeV) The λ 1 values from 1 − T , C and, less pronounced, from M H are smaller than the results in [8] . A substantial difference of [8] with our work is the inclusion of the NLLA approximation in the distribution prediction, which is not available for the moments.
Variance of event shape variables
From the first and second moments of event shape variables y the variance Var(y) = y 2 − y 2 has been calculated [40] . The experimental uncertainties have been determined by systematic variations analogously to the moments at hadron level [5, 6] . The variance of C, B T , B W , M H and M 2 H becomes larger with rising Q while the variance of 1 − T becomes smaller, see 9 Fig. 6 and [40] . Studying other observables defined in [6] we find that the variance of T maj. and O becomes larger with rising Q while the variance of T min. , S, M L and B N becomes smaller, see [40] . This behaviour is determined by the multi jet region of the distribution [41] . The evolution is reproduced by Monte Carlo models qualitatively well; however data and models differ by typically up to five standard deviations. The predictions using the shape function differ only for Var(C) from the dispersive model. Fig. 7 shows the comparison of this prediction (24) and data. The fit gives χ 2 /d.o.f. = 50/8, α S (M Z 0 ) = 0.0963 ± 0.0004 and λ 1 = (0.824 ± 0.025) GeV (statistical errors). The correlation of α S (M Z 0 ) and λ 1 is 0.80 . In the shape function description the Q evolution of the perturbative description deviating from the data is corrected at low energies by the term ∝ λ 1 . Thus the steep energy evolution at low Q is reproduced successfully. However, the fitted values α S (M Z 0 ) and λ 1 are not compatible with the corresponding values from C 1 or C 2 .
Single dressed gluon approximation
The hadron level data are compared with the five different predictions which result from truncating (28) after order O(ā 2 )...O(ā 6 ). The data are described by the predictions well. Fig. 8 shows the comparison 10 of data and prediction for truncating afterā 5 . The fit results for α S and ν i are given in Table 6 . The coefficients κ 2 ...κ 4 of the more strongly suppressed power correction in all instances turn out to be compatible with zero.
For every moment order we study specific properties to find the series describing the data best. The cantly for any moment order and thus do not discriminate between different expansion orders.
(1 − T ) 1 : For the first thrust moment at the order m max = 5 the power correction is compatible with zero, then it becomes negative.
11 The values of α S (M Z 0 ) and the power correction reach their minimum at m max = 5, so the convergence appears best at m max = 5.
(1 − T ) 2 : Including higher perturbative orders the α S (M Z 0 ) and ν 2 values from the second thrust moment decrease. The purely perturbative description appears continually more accurate, we therefore choose m max = 6 .
Fitting the third or fourth thrust moment, to compensate the negative perturbative terms the power correction increases when increasing the truncation order. Thus the NLO description appears more accurate than the SDG approximation, and we choose m max = 2. Fig. 9 compares the perturbative terms and the power correction terms. In case of the first moment the power correction is compatible with zero; the purely perturbative prediction from the SDG approximation already describes the data well. The power correction is larger for the third and fourth moments, but is still small compared to the LO and NLO perturbative terms down to Q = 10 GeV. In case of the second moment the higher SDG terms up to O(ā 6 ) are comparable with the power correction.
Measuring
The α S (M Z 0 ) values steeply rise with moment order in this model as observed before in Sect. 4.1, 4.2. The problem of describing the higher thrust moments consistentlyi.e. with compatible fit parameters-is not solved in this model. We measure the strong coupling in this model only from (1 − T ) 1 . The central value of the measurement and its statistical error are shown in table 6 as case m max = 5. To determine the experimental systematic uncertainty, the fit is repeated employing the minimum overlap assumption for the experimental uncertainties of the data. To estimate the theoretical uncertainty we study the following contributions:
-In order O(ā 6 ) of the perturbative prediction (27) the unknown coefficient β 4 appears. We set it to the simple Pade estimate 12 β 4 = β 2 3 /β 2 instead of β 4 = 0. This does not change any of the four cited digits of the α S (M Z 0 ) fit result.
-Instead of three loops we use the four known loops for calculating the Q evolution of α S . This changes the fit result by less than 0.0001. -The O(ā 2 ) coefficient B 1 is approximated by SDG within 34% [10] , and the approximation is expected to be complete in high order [9] . Thus we vary the coefficient C 1 by +34% or −34%. This results in changes of α S (M Z 0 ) by −0.0027 or +0.0031. This variation is consistent with truncating after expansion order m max = 3 or m max = 6. A renormalisation scale variation is not studied and is expected to cause a small effect in a prediction of fifth order. -As ν 1 is one of the two fit parameters, the hadronisation error is part of the fit error.
The result is
It is our most precise value. The variation of the NNLO coefficient C 1 by ±34% is better motivated than the somewhat arbitrary variation of the renormalisation scale factor x µ = 0.5, 2.0 . It leads to a smaller perturbative uncertainty than in the NLO analyses discussed above or in [5] .
In [9] the SDG prediction was fitted to 1 − T data, notably of the PETRA experiments TASSO und MARK J at cms energies down to 12 GeV. The results were α S (M Z 0 ) = 0.110 und λ 1 = 0.62 GeV. In the old PETRA measurements e + e − → bb events have not been subtracted. They enlarge 1 − T in an effect decreasing with energy faster than 1/Q. This results in an increase of λ 1 and a decrease of α S (M Z 0 ). 
Summary
As an alternative to the description of hadronisation by Monte Carlo models we studied analytical models of hadronisation. These descriptions require no laborious tuning of a Monte Carlo model but fitting of α S and an additional parameter. In this way, their consistency can be quantified.
We studied the dispersive model, the shape function and the single dressed gluon approximation, including the NLO predictions. All models describe the mean values of all studied event shape variables at cms energies Q = 14...209 GeV well. The dispersive model and the shape function also describe the higher moments of the one-hemisphere variables well. The measurements of α S (M Z 0 ) and α 0 (µ I ) in the dispersive model from the mean values of 1 − T , C, B T , all studied moments of y Event shape moments are barely sensitive to more strongly suppressed power corrections resulting from the shape function. In general, a detailed understanding of nonperturbative effects cannot reach any further than the reliability of the underlying perturbative structure which was studied in [5, 6] .
For some variables the variance shows an unexpected energy evolution. Of the variables analysed here only the 1 − T distributions are broader at low cms energy; the M 2 H , C, B T and B W distributions are narrower at low energy. The energy evolution of the variances is not given correctly by the pure NLO prediction. The description by an additional power correction from the shape function is not quantitatively correct.
The single dressed gluon approximation shows the same problems describing the higher thrust moments as the other models. Fitting the prediction for (1 − T ) 1 including terms up to fifth order gives power corrections compatible with zero and
With a competitive total error of 3% this is our most precise α S measurement. It agrees with the world average of α S (M Z 0 ) = 0.1189 ± 0.0010 [42] . For this result a Monte Carlo model has only been used for correcting the data for bb background, taking into account its uncertainty in the experimental systematic error.
Moments are an interesting alternative to distributions: Specific parts of phase space are tested selectively and the energy evolution shows up clearly. This evolution can be studied thoroughly by the combination of the experiments JADE and OPAL. As in [5] the most interesting energy range is provided by the JADE experiment, as the perturbative and non-perturbative effects both scale inversely with the energy. 
